SRCRD SEM; A\Nmm. PR\Q}Q}E@S RBE@RT\)

e st T

1 April 1963 - 30 September 1963

STUDIES OF THT. FUNDAMENTAL CHEMISTRY PROPERTIES

AND BEHAVIR COF FUEL CELLS

Submitted to:
National Aepsnautics and Space Administration /

(A/ASAM/M NsG325>

0"
7)%) &?\
éT
3 if
Submitted by  , 2
q
Professor Jo O!M, Bockris, Director
2
The [E_Il,egtmhamistn&@oratory
L707°°°

The University of\Pennsylvanla Y.

% lPhiladelphia L, Pennsylvania




Y

PROJECTS AND PERSONNEL ENGAGED IN THE RESEARCH

Principal Investizaior Dr. J. 0'M. Bockris
Project Leaders Dr. H, Wroblowa

Dr. L., Nanis

Project

Potentials of Zero Charge S Argade
Deactivation of Electrodes D, Swinkels
Nature of Catalysts Dr,., A, Reddy
Mechanism of Electrocatalysis Dr. He. Dahms
Studies of the Mechanism of Porous Electrodes B, Cahan

Theory of the Double Layer Dr. T, Anderson



I N

TABLE CF CONTENTS

Potentials of Zero Charge

Deactivation of Catalysts: Adsorption
Nature of Catalysts

Mechanism of Electro-Catalysis

Studies of the Mechanism of Porous Electrodes

The Theory of Electric Double Layers

Page

(@2

»
W

39
Lé



POTENTIALS OF ZERO CHARGE




INTRODUCTION

The potential of zero charge (PZC) is to be determined on a series
of solid metals by at least three independent methods. The large discrep-
ancies among literature values for PZC makes independent checking essen-
tial. The metals are: thallium, lead, nickel, palladium, platinum, sil-
ver, and copper. The solution must be fairly dilute in order for the
succesaful application of the capacity method and 0.00L N and 0.01 N Hgsoh
and perchlorie acid have been selected in order to minimize specific

adsorption.

1. Capacitance Method

The Wayne-Kerr B221 transformer ratio arm bridge and associated
circuits have been thoroughly tested and calibrated using mercury in
various solutions. An extremely high degree of precision has been at-
tained and this apparatus yields unambiguous capacitance measurements,
i.es false frequency variations have been eliminated. This precision
is necessary since frequency effecte are expected due only to the physi-
cal structure of the solid electrodes. In addition to the bridge im-
provementes detailed in a previous reportl, the sensitivity of null detec-
tion has been increased ten-fold by eliminating capacitive loading of
the wave analyzer output through tuning of the oscilloscope input cable.

The PZC is discernible on the capacity-potential relation for
dilute solutions. The C-V curve goes through a distinct minimum at the
PZC. At the PZC the charze on the metal, 9y 1s zero so that rearrange-

ment of the double layer structure occurs, influenced by first the



compact Helmholtz layer and extending further into the diffuse layer.

The rearrangement may be considered as a decrease in orienting effect due
to surface charge and both the compact and diffuse double layers approach
the random distribution of charge found in the bulk electrolyte i.e. the

thickness of at least the diffuse layer decreases. Now the total capaci-
tance of the double layer may be considered as being composed of capaci-

tive contributions from the Helmholtz and diffuse layers in series,

Thus, the total capacitance is represented by

Ctotal - CD CH

where CH and CD are capacities of the Helmholtz and diffuse layers respec-
tively.

Congidering each component of the double layer as a parallel
plate condenser, an effective decrease in gpacing, as qp decreases and
goes to zero at the PZC, results in an increase of capacitance. In fact,
CH changes much less than that of the diffuse layer, since any specific
adsorption and dipole components remain. Thus, by Eq. (1), the total
capacitance tends to a minimum, i.e. towards CH gince CD greatly in-
creases.

The rigorous solution purification techniques of this Laboratory
will be used in conjunction with small spheres of the appropriate solid
metals. Surface cleaning will be accomplished by suitable combinations
of cathodic and/or anodic pulsing. A maximum amount of C-V data will

be obtained near to the PZC.



2. Moving Wire Method

A method similar to that described by Jakuszewskih will be used.
Wires of each of the metals to be tested will be arranged to travel in
and out of solution at a fixed rate, A potentiostat will be used to fix
the potential of the wire in a starting position of just contacting the
electrolyte. As the wire travels into the solution, charging of the
double layer must ogcur in order to maintain a constant potential, This
charging current goes to zero at the PZC and is of opposite sign on eith-

er side of the PzC. Now, the capacity per unit area is
c=93 (2)
f

At potentials near the PZC, dq

]

9 - Qpye and since Qpyc = 0,

dq = q

s § - Beze) (3)

and for any area A

T (% - 00 ()

aq = idt (5)
and from Eq. (&)
da = o5 (F - Bpy0) (6)
then '
i=c2 @3- Bonc) (7)

It may be seen from Eq. (7) that if the wire lowering speed is
known, i.e. dA/dt is known, and the current is measured for a fixed poten-

tial, the capacity at this potential may be obtained and thus this method



mey be used to check values determined with the bridge method. Of greater
significance is the condition §_= §PZC for which the charging current is
zero for any rate of area change,

For a C value of ahout 1Q}JaF/cm2 and for § within a few tens of
millivolts of the PZC, a lowering rate of 1 mm/sec will require a charg-
ing current of the order of tenths of microamps. A potentiostat (wen-
king) available in this Laboratory is deemed sufficient for the major
instrumentation for the moving wire experiments. Wire specimens will
be initially cleaned by reduction of surface oxides by purified hydro-
gen at sufficiently high temperature where feasible and also by cathodic-
anodic pulsing. It should be noted that the wires may be introduced
into the electrolyte very quickly after cleaning so that contamination
problems are minimized. Also, surface roughness is an advantage since
only the PZC and not capacity per unit area is the sought-for quantity,
i.e. dA/dt is increasged by the occurrence of roughness for any given

geometrical area,

3+« Organic Adsorption Method

A technique for evaluating the PZC has been devised in this Lab-
oratory by Green and Dahms.3 This consists in the measurement of adsorp-
tion of non-polar organic substance by radiotracer methods.l The prin-
ciple of the method is as follows.

It has been shown3 that the coverage 8 of neutral organic mole-
cules depends on the electrostatic field across the Helwholtz double
layer. Thus, for the given potential drop, VH, across this layer the

value of 6 is fixed for the given concentration of organic compound,C e




The value of VH at constant \fo (metal-solution PD) changes with
concentration of the supporting electrolyte owing to the changes in \{'-
potential at the outer Helmholtz layer, except at the point of zero
charge. where \EFPZC = VH?ZC =:¥;(dipole potential), since there is no
contribution of ionic charges to the PD. Under conditione of low cover-
age of non-polar organic substance and in electrolytes exhibiting little
specific adsorptixn;j(.is relatively independent of electrolyte concen-
tration, and the field across the Helmholtz double layer is constant.

Thus potential dependent organic adsorption curves obtained using
various concentrations of supporting electrolyte at constant C, should
have a common point at the PZC, provided the PZC is not changed by adeorp-
tion of organic material (non-polar substance, low coverage), nor by spe=
cific adsorption of electrolyte anions (electrolytes containing 0105
anions).

The method to be used for determining adsorption of radioactively
tagged organic substance (tape-method) has been described in the previous
report,I The total activity of C-14 labeled organic is measured from a
thin electrolyte layer adhering to a plate which has been moved out of
the electrolyte after an equilibrium period at constant potential. The
step of actual metal surface area determination by the B.E.T. method may
be omitted by changing electrolyte concentration for one given tape.
Naphthalene will be used with the dilute perchlorgg- and sulphuric acid
solutions and the previously mentioned metals. Also, after exploratory
runs, the entire nature of the adsorption-potential curve will be given

8 secondary emphasis in favor of repeated determinations at and near the

equivalence point for adsorption (PZC). For this purpose, also, other



electrolyte concentrations will be used in order to locate the PZC with
some precision. In addition to 0.001 and 0.01 N electrolytes, 0.005 N
and 0.05 N electrolytes will also be studied with constant concentra-

tion of naphthalene.



DEACTIVATION OF FLECTRODES: ADSORPTION




INTRODUCTION

The method and results of investigation of the adsorption of
n-decylamine on Ni, Fe, Cu, Pb and Pt had been described in the previous
report,

The observed phenomena are interpreted below.
DISCUSSION

The adsorption isotherms at the potential of maximum adsorption
are shown in Figure 1. A limiting coverage less than a monolayer is
approached in each case, except on Pt, where multilayer formation occurs.
The shift in the adsorption maximum to more negative potentials as 6 —>»1
indicates that a monolayer of n;decylamine molecule with the amine group
towards the metal is first formed. A second layer then adsorbs more
eagily on the hydrophobic surface formed by all the hydrocarbon chains

extending into solution.

Free Energy of Adsorption - The adsorption of an organic substance at

the metal-solution interface may be written:

Org (sol) + n H;0 (ads) = Org (ads) + n Hy0 (g01) (1)

where n is assumed to be independent of coverage or charge on the elec-
trode, The standard free energy for the above process referred to unit

mole fraction of organic or water in solution and on the surface is

o - X XD
AG, = - BT 1n (Torg,ads) (Tw,sol) (2)
(X%,ads) (xorg,sol)



For dilute solutions X, go1 = 1 &nd Xopno 501 = Copg/55+4. On the

X = '—81'
org,ads . r=5
org W

where [} __ and T’ are the mumher of moles of organic material end
Ol w T T eTTTeTE e

respectively per unit area. Using f;rg =0 r;ax,org [;ax,w =

and
r:nax,org we have
2e = 8r;a.x,org - & -
org,ads - =5+ -
g, g[;ax,org + (1 g)n‘;kx,org 6 +n(1 - 9)

Similarly: ‘
X = _ n (1-6
w,ads = g + n (1-0)

Introducing Egs. (4) and (5) into Eq. (2) we obtain:

AG) = -2.3 BT log | 22:% . &, {o+ n(1-6) | e
n

a
Corg (100"

The corresponding isotherm is:

When n = 1, Eq. (7) reduces to the familiar Langmuir equation.

10

surface

(4)

(5)

(6)

(7)

The standard free energy of adsorption at the adsorption maximum

extrapolated to zero coverage for each system is given in Table I,

In the cagse of copper the coverage becomes sufficiently high so

that lateral interactions become significent. The apparent standard

free energy of adsorption calculated using Eq. (6) then varies with cov-

erage as shown in Figure 2.




TABLE I

11

QUANTITIES RELEVANT TO THE ADSCRPTION OF n-DECYLAMINE

ON SOLID METALS FROM 0.9 N NaCl0j, O.1 N NaOH SOLUTION

Roughness factor E, (050 AGg at B (630)
Ni 1.32 -0.7 volt -'6.8 kcal/mole
Fe 177 -0.7 volt -6.6 kcal/mole
Cu 1.38 -0.9 volt ~7.3 kcal/mole
Pb 1.95 -1,0 volt -6.2 kcal/mole
Pt 1.22 -0.k volt ~T.4 kcal/mole

Components of the Standard Free Energy of Adsorption - Adsorption from

solution is influenced by several interactions between the metal, the

organic compound and the water both on the surface and in the bulk. To

discuss these thermodynamically we will consider two cycles, one for

the organic compoun

and one for the water.

Thermodynamic cycle for water:

Yy

vapor at

Po (w)
'AGP (w)

vepor at 1 atm.

—AGV(W)

adsorbed water a'l:rI

liquid water

J/ NG~ o0

golution, conc.
of org. = Corg

ZXGS(W)
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For water:

A6 (w) = AGy(w) + AG,(w) (8)

where ZSGS(W) = free energy of adsorption of water from solution;

ZSGv(w) = free energy of adsorption of water from the vapor phase at

1 atm.; ZSGP(W) = -RT 1n po(w) where po(w) = vapor presgsure of water

at the temwperature T.

Thermodynamic cycle for the organic material at the temperature T.

vapor at pg(org) — pure liquid or solid
- <
/r-ZSG (org)
P
vepor at 1 atm,.
- saturated solution
-AG (org)
v
l NGy (org)
adsorbed organiz
material at < solution at conc. C
" “AG (ore) org

For the organic compound:
Ac (org) = -AG,(org) + Ag (org) + AG, (org) (9)

where Z&Gs(org) = free energy of adsorption of the organic compound
from solution at the concentration Corg and coverage[ﬁ; Z&Gd(org) =
free energy of dilution = RT 1n Egzs ; Cg = saturation concentration of
organic; Zka(org) = :RT in po(org§; p,(org) = vapor pressure of the
pure organic material at temperature T; Zle(org) = free energy of
adgorption of the organic compound from the vapor phase at 1 atm.

The standard free energy of adsorption from solution ([&Gg)

defined earlier, which is really the free energy of replacement of
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water at the interface, is then:
ZSGZ = ZSG:(org) - nzSGg(w) (10)

Using the standard state of unit mole fraction of organic material or

wvater at the interface and in solution, we have:

Ac? = -AG(org) + Acp(org) - nAag(w) + Ay(ore) - R4S (1)
.
= - BT 1n §§%E - RT In zi(?;i) + AGY(org) - nAGy(w) (12)

The first two terms of Eq. (12) do not change with thg metal and hence
make the same contribution to Z}G: for all metals. Eq. (12) also shows
that at a given concentration the amount of adsorption increases as the
solubility (Cs) of the adsorbate decreases.lL

For the adsorption of n:decylamine at 25°C, Cg=5x lO'h moles

6

per liter’ and polorg) = 0.18mm> and po(w) = 23,8mm,

Hence:

AGS = -6.80 + 2.7k + Ac(org) - nAC(w) (13)

Thus, about half of the free energy of adsorption {cf. Table I) from
solution is due to the escaeping tendency from solution in the present

case and the remainder arises from interactions with the metal Q£§G3).

Dispersion Interaction between Water and Metals - The magnitude of

[ng and its relatively constant value for different metals suggests,
that only physical forces are involved in the adsorption process. The

dispersion interaction between an adsorbed molecule and a large plane
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metal surface 137

Q

Ly gp =T (14)

where N = number of metal atoms per cm3; R = distance between the center
of the molecule and the surface of the metal; C = constant for the sys-

7

tem. Various expressions for C have been given' of which the following

seems the most useful:

oAy K
C = 6mc’ oLi 20Z2 (15)
(;)-q) - (’;'2')

where m = mass of the electron = 9,11 x 10-28gm; ¢ = velocity of light =

3x 10locm/sec; cxi,‘a(é = polarizability of water and metal respec-
tively; jél,_352 = diamegnetic susceptibility of water and metal., Exper-
imental determinations ofc%.andjkiare not available for most metals.
Pierotti and Halsey8 have calculatechLfor copper and iron from the
refractive indices of these metals., However, since they used refractive
indices determined at different wavelengths for the two metals, and
since the refractive index of a metal varies greatly with wavelength,
the polarizabilities so obtained cannot be compared.

Since the molar refraction of conductors is aprroximately equal

to the molar volume we have

3R 3V,
XK= TR (16)

where R, = molar refractivity; Vm = molar volume. Values of{ calcu~
lated in this way are listed in Table II. Mercury is included, since

its polarizability has been measured9 and was found to be 5.05 x 10'2hcc.
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This is 14% less than the value calculated from Eq. (16). All calcu-
lated values of (are therefore reduced by 14%, to give the corrected
values in colurmm 2, which are used in the dispersion calculation. The

atomic diamagnetic susceptibility of the metals was calculated from

- 2 1/2
pd 1‘.mco \{n X (17)

where e and m are the electronic charge and mass respectivelys; ao =
Bohr radius; n = number of electrons in the atom.

Agreement between:Kf(calc) and measured valueslo is fair for
mercury and lead. Iron, nickel and platinum are paramegnetic, and the
measured value for copper is low because of the presence of some para-
ma.gns’cism.lbr Using O {<orr) and')((calc) for each metal and the meas-
ured values of(){and;}{fﬂr water the constant C was calculated for each
system. Using Eq. (14) with R = 1.5 8 tre dispersion interaction be-
tween water and the various metals was calculated. The values found
vary little amongst the metals, This agrees well with the rather con-
stant value of ZXGz focund for the ditfferent metals., The magnitude of
¥

50% in error but this would not affect the relative magnitude amongst

Disp is very dependent on the value of R and hence may be as much as
the metals unless R varies with the metal.

Dispersion interactions between adgorbed organic molecules and
the metal substrate can also be calculated. The values for different
metals will vary in the same proportions as for water, but will be some;
what larger, since the polarizability of the organic mcliecule is greater

than that of water. Hence & net heat of adsorption, which varies with
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the polarizability of the metal results. However, since n-decylamine
molecules are not spherical, the dispersion calculation becomes more

complex (cf. next section).

ILateral Attraction - When there is lateral attraction between adsorbed

organic molecules the free energy of adsorption becomes more negative
with increased coverage. This is clearly the case on copper (Figure 2).

The way in which the lateral interaction varies with coverage
depends not only on the type of interaction (ion-dipole, dipole-dipole
or dispersion) but also on the type of adsorption (localized or non-
localized). In the case of localized adsorption the distance between the
sites on the substrate is fixed and invariant with coverage, while
the ogcupancy of the sites varies linearly as the coverage. Hence, 11
for localized adsorptioca the lateral interaction varies linearly with
coverage.,

For non-localized adscrption the distance between adsorbed
molecqles can vary countizucuasly and specifically varies inversely as
the square root of the c¢overage. 1f the interaction potential is of
the form U = 5/r® then U varies as én/g and hence, the variation in
lateral interaction with coverage depends on the type of interaction.
In general, for an interaction energy of the form B/rn ve have12 for

localized adsorption

JISRLY: S- L (18)
i=
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for non-localized adsorption

_ Y @
j)v_s&;}?.)en/ = -;i?l (19)

wherel ) = chemicel potential due to later
between a given molecule and the i'th neighbor at full coverage. The
summation is over all other molecules in the plane but converges rapidly
vhen n>2. The summations were evaluated for n = 6 (dispersion) and
n = 3 (dipole-dipole) for square and hexagonal arrays until the terms
became less than 1% of the first term. In the case of n = 3 both paral-
lel and anti-parallel arrays were considered. The results are shown in
Table III.

The lateral interactions in the system n-decylamine on copper
can now be calculated on the basis of four models:

la., Localized adsorption, n:decylamine molecules rigid.

The n;decylamine molecules are treated as rigld rods, perpen-

dicular to the surface with the amine group towards the solution and the

To calculate the lateral interaction due to dispersion forces,
we must calculate the difference in the dispersion interaction between
two n-decylamine molecules and between a n-decylamine molecule and a
volume of water equal to the second n-decylamine molecule. Since it is

the hydrocarbon chain, which is mainly concerned in the dispersive inter-

action, the polarizability (O{) and molar volume (V,) used for

* This model is chosen because of the lack of variation of the poten-
tial of the meximum of adsorption with coverage, i.e. zero ADC due
to the organic molecule,
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TABLE III

fS 1
< - n FOR VARIOUS SYSTEMS

ri
n=6 n=3(1"1) n=3(MJ)
' b.6h 7.8 2.68

8 L0 £:90
quare array¥ -;E;- L3 R3

6.42 9.24 4.5
Hexagonal array Al

RO R3 R3

¥ R = digtance between nearest neighbors at full coverage.

n-decylamine are taken as those of n-decane.13 The polarizability is

calculated froém the refractive index of n-decane (n = 1.4l).

23V (7 -1) . ol
X (org) = T (Z o) 19.2 x 10™“*cc (20)

The dispersion interaction between two spherical molecules in a medium

of dielectric constant & is given by

Upigp = - ih;;)f.%(l L2 (21)

Since the n-decylamine molecule is a long cylinder, vwe will divide it

into four approximately spherical units and sum the interactions between
each unit in one molecule and the four units of the other molecule (cf.
Figure 3). The polarizability of each unit of the organic molecule is
then (' (org) = o (org)/h = 4.8 x 1002%cc. For a volume of water equal

to one of these units we have
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L (w) = hv$m(?;i::%lel x O (w) = 3.9% x 1072ce (22)

Thus,

1
4 4,

Upigp = f?—%il ol (org) { o' (ore) o)} > > 25 (23)

i=1 =1 TiJ

where rij = distance between the i'th unit of one molecule and the j'th

unit of the other (Figure 3); 3) = g characteristic frequency for the

i
electrons, which both for saturated hydrocarbons and for water is about
3 x 1077 sec-l; h = Planck's constant; £ 20;\31.9.

Assuming a hexagonal array of adsorbed molecules the distance

between nearest neighbors at full coverage is 4.9 8.

Hence:

Ty = \\J(h.9)2 + ( 'i-jl x 3.66)° (2k4)
Using these values we find Upyo, = -0.19 kcal/mole and

-1.22 © keal/mole (25)

/j“(Disp = 6.h2 ¢ Ubisp

To calculate Ubipole we have

v =M (26)

Dip Eir3
where the dielectric constant & varies with coverage. At low coverage
the dipoles are separated by water molecules about 15 ® from the elec-
trode surface, where the dielectric constant is that of bulk water
(€ Z80), while at full coverage the dipoles are separated by organic
molesules (& = 2). Assuming a linear combination of these at inter-

mediate coverages, we have
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£ =80-786 (27)
Hences
,/‘LDip =40 Upip = 6%1%§7§—é kcal/mole (28)

The total change in free energy of adsorption with coverage is equal to
,}}gbisp +/LFDip (curve la on Figure 2).

lb. Non-localized adsorption, n-decylamine molecules rigid.

In this case:

/L}fbisp = 642 (E;Efg) o3 Upisp = -2.4k 63 keal/mole (29)

}J5Dip = 4.5 (BF2) 53/2 Upip = é%:%27§§é3 kcal/mole (30)

The curve marked (1b) in Figure 2 corresponds to this model.

2. Non-rigid molecules.

A long hydrocarbon chaln can generally bend and twist in all
directiong, The fully stretched n;decyla_ine molecule ig about 16 X
long. Hence, if the average hydrocarbon chain bends through 90° in the
middle of the chain, then the dipoles of two molecules can pair up even
at 10% coverage (average distance between adsorbed molecules 14.5 R).

At higher coverages, the hydrocarbon chain needs to bend less ané less,
until at full coverage the situetion is simost the seame as for rigid
molecules. At low coverages the molecules can take up many orientations
In wirich no dinole pair is formed, bub since anti-parelizl dipcles attract
pairing is favored. It is difficult to c¢=leculsle exactiy the prcba-

bility of pair formaticn at a given coverage. We will assume that the
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fraction of adsorbed molecules forming pairs is proportional to © and
that at full coverage all molecules are paired up. The attractive force
between two anti-parallel dipoles 3 X apart is 1}L2/r3, i.e., U= 1,05

keal/mole. EHence Li... . =0U=1.05 0 keal/mole.
/ Dip puirs

To a first approximation the forming of pairs does not change
the interaction between a given dipole and the remainder of the dipoles
or the dispersion interaction. The contribution due to pairing is there-
fore added to the change in free energy calculated for models (la) and
(1b) to give the curves (2a) and (2b) in Figure 2.

The agreement with experiment is best for model 2b, i.e. non-

localized adsorption and non-rigid molecules.
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FIG.3 MODELS FOR LATERAL  INTERACTION CALCULATIONS
BETWEEN n-DECYLAMINE MOLECULES
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INTRODUCTION

The preliminary experiments on the anodic formation of oxide films
on platinum electrocatalysts haw been continued utilizing in situ electro-
chemical and ellipsometric monitoring of the catalyst surface by (1) tran-

sient and (2) steady-state techniques.

(1) Method of Transients

The technique involves the following steps:
(a) Potentiostating the platinum catalyst at a potential of +0.,300 v
(vs N.H.E.) under which condition the platinum surface can be considered to
be in its film-free optical reference state,
(b) Setting the optical components of the ellipsometer for "extinc-
tion"
(¢) Switching off the potentiostat and simultaneously turning on &
galvanostat
(d) Making simultaneous records of the potential-time and ellipso-
meter intensity-time traces on & Dual Channel Oscilloccope.
The type of transients observed are shown in Figure 4 from which

it may be concluded that oxide formation commences at about 1 volt.

(2) Steady State Method

The potentiostat is used to hold the potential of the platirum elec-
trode at various potentials and at each potential the optical components
are sa2% for eviincticn. For an angle of incidence on the window of the

~nf)

rectaveular call of 3C7 and an azimubth of the ineident Iizesrly polarized

1izht of h5° to the plane of incidence, the extinction settings of the
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quarter-wave plate and analysis are set out in Table IV.

TABLE IV

Potential (volts vs N.H.E.) Querter-wave Plate Aunalyzer
+0.3k 338.23° 11.57°
+0. 1k 338.23° 11.57°
+0.5k 338.23° 11.57°
0,64 338.23° 11.57°
+0.Th 338.23° 11.57°
+0,8l 338.23° 11.57°
+0.94 338,23° 11.57°
+0.99 338.22° 11.54°
+1.0k4 338.57° 11.90°
+1.1k 338.75° 12,11
+1.24 338.88° 12.27
+Lk 338,07 12.50
+1.54 338.44° 12,88

From these settings, the relative phase retardation (Zk) and the
relative amplitude diminution (:XC) were calculated by standard formulse,
and the potential dependence of these parsmeters is shown in Figure 5.

It can be seen that there is no change in the optical constants of the
platinum catalyst surface till a potential of about 1 volt is reached and
since the optical constants at +0.34 v can be taken to correspond to a

film-free surface, the results indicate that an oxide film is formed at
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about 1 volt.

The Drude-Tronstadt thin transparent film approximation was
assumed in an attempt to compute the refraction index of the oxide.
Negative.values were obtained indicating that the refractive index is a
complex quality which should be the cage for a conducting film and since
oxygen evolution occurs on the platinum catalyst, there can be no doubt
that the oxide is an electronic conductor (or semiconductor).

Attempts are in progress to compute the refractive index and
thickness of the film at various potentials by an electronic digital

computer,
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INTRODUCTION

The experimental results reported in the First Semi Annual

Reportl have been Interpreted.
DISCUSSION

1. Thermodynamics of the Reaction

The equilibrium potential can be easily calculated from the thermo-
dynamic data of the reaction products.h For ethylene oxidation this
value is found to be E, = 0.08 at 80°¢ (hydrogen scale).

The rest potential of the gystem Me/ethylene appears to be a

mixed potential.l5

2. The "Chemical" Rate Constant

The rate of an activation-controlled reaction at an electrode is

given by:l6

1= wFke exp [ow <A3"B; By - ﬂ (1)

if there is no potential drop in the diffuse double layer and the rate
of the back reaction is negligible. (n - number of electrons, F - Faradey,
k - rate constant, of - transfer coefficient, A - potential of electrode
against standard hydrogen electrode, ¢M - electronic work function in eV,
a - constant).

In order to bring out the "chemical" eatalytic activity of the
different metals we have to eliminate the influence of the applied

electrical field. The electrical field across the interface can be
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written as:l7

A =AY+ AL (2)
where AT - potential difference against standard electrode (eege,
hydrogen electrode); /A ¥ - potential difference due to excess charges
of metalj; AL - potentisl difference due to orientation of dipoles.

It appears useful to define the "chemical” rate as the reaction
rate at AV = 0, i.e., at the potential of zero charge AY =.£S:fp.z_c..
As can be seen from Eq. (2), the potential of zero charge contains &
dipole term. This term can be due to (a) the orientation of water
dipoles at the interface and (b) the adsorption of the reactant and of
intermediate reaction products on the electrode. The orientation of the
water dipoles appears not to differ at the potential of zero charge greatly

from metal to metal, since Frumkin18 found the approximate relation:

bey - By = DTy - 2T (3)

where ¢M - electronic work function;l&lfﬁ - potential of zero charge.

The change of the ZX:X»potential with adsorption of the reactant
and of the intermediates can be estimated from the change of the potential
of zero charge on mercury with the adscrption of neutrall9 and chargedgo
organic species: Typical values of this shift for full coverage of the
electrode with neutral species are 0.1 - 0.2 V. Charged species could
cause higher shifts, if present at sufficient concentrations (e.ge,

@ > 0.1), which is improbable in the present system. Hence, the
dipole term in Eq. (3) could cause an error of .1 - .2 V, which would
lead to a maximal change of one power of ten in the "chemical" rate

constant of Eq. (2) (;5 agsumed = 0.5).
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The definition of the "chemical” rate at /A = O may be considered
as indicative (within these limits) of the reaction rate on the various
surfaces free from double layer effects.

The factors determining the ‘'chemical” rate constant at the

21,22

interface metal/gas ere well known, e.g., they concern: (a) geo-

metric factors vwhich affect the activation energy of reactants;23’2h
(b) The electronic work function, which affects the heat of adsorp-
a5

tiong (¢) The d-band structure influences the heat of adsorption
(e.g., in the adsorption of hydrogen and ethylene).26

For catalysis at the metal-electrolyte interface, one has to
take into account these factors, remembering that they can act both on
the solute reactant and also upon the solvent reactant; for example,
oxides will be formed in parallel reactions of the solvent with the metal

and may participate either directly, or as inhibitors, in determining the

rate of the reaction.

3. The Effect of the Applied Field

A change of the field across the double layer will have mainly
two effects: It will (a) change the rate of any reaction step involving
charge transfer; and (b) change the adsorption energy of the reactants,
i.e. vary their concentration in the reaction zone.

The surface concentration of the organic reactant depends on the

19 it has

applied electric field. Analogous to the adsorption on mercury,
been found that there is a potential range of 0.2 - 0.4 V, where there is
significant adsorption at the interface.e’27 Roughly, the adsorption-

potential relation is parabolic. Generally, there is a relation between
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the potential of zero charge and the potential of maximal adsorption
(cf. adsorption on gold electrodes2 and other metals.27), but exceptions
occur on certain metals.27

In summary, the catalytic activity on an electrode is a resultant
of the effects of the chemical rate constants and the double layer
field effauts, the degree of the effect of which is a function of the
transfer coefficient, & . Hence, a low chemical rate constant on one

»

metal can he compensated by a higher o on another.

4. Application to Pregent Reaction

a. Phenomenological

(1) The overall reaction.

The products of the overall reaction are given in Table V,

(2) The "chemical" rate constants.

These are given in Table V. The potentials of zero charge on
which the calculations are based were determined experimentally only for
7t,28:29 £,2,30 114 $3.?9 Tne corresponding valves for Ir and Rh were
calculated from the empirical relation3l between electromic work fune-
tions and potential of zero charge.

(3) The effect of the applied field.

The influence of the applied field on the reaction rate is given

in Table V.

(4) The effect of pre-treatment.

The two pre-treatmentsl

of the electrode do not cause essential
differences in the reaction rates. The slight change in rate constants

(but not in mechanism)l is probably due to roughness factor effects.



(5) Effect of oxide coverage on the reaction rate.
The oxide coverage affects the reaction wvase for all metals in the
same way: The eiectrode potential at which the oxide concentration exceeds

a coverage of about 0.1 (Figure 20, ref. 1) corresponds to the potential

(Figure 6) &t which the Tafel line goes into a limiting region. The fact
that an oxide coverage of 0.1 causes already a current decreases by a fac-
tor of 2 (compared to the extrapolated Tafel line) can be related to

(a) geometric faciors in the competitive adsorption of oxide and the
organic species., Since CEHM needs a four point attachment to the surface
the blocking effect of small 8 coverages will be great.el (b) The ;k;
potential set up by the oxide. The dipole potential due to the oxide
coverage will decrease the charge on the metal and, hence, lower the

reaction rate.

b. Mechanistic Considerations

(1) Comparison of the metals.

The metals (Table V) fall into two groups of electrocatalytic
activity: Group I (Pt, Ir, Rh) oxidizes the reactant quantitatively to
CO, and shows approximately an identical Tafel slope (135 - 160 mV) and
has the same pH dependence (-~ 70 mV/pH)i. Group II (Au, Pd) reveals
imcomplete oxidation, has lower Tafel slopes and no pH dependence.
Furthermore, the "chemical” rate constants of the Group I (Pt, Ir, Rh)
metals tend to be higher.

The hests of sublimation show & clear difference for tpe metals
Pt, Ir, Rh; and Au, Pd respectively. According to Pauling's equation,

the bond strength for a partially covalent bond of the metal with an
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organic species is:

D(org-Me) = %-{ D{M-M) + D(org-org);g + 23,06 (Xgpg - XM)3 ()

~

where D - bond energies between the respective species in kcal/mole;
X - the electronzgativities of the becnd in Pauling units. Thus, for
a given orgonic species the tond strengtn with metals of Group I {rt,
Rh, Ir) is highar by about 20 kzal than the bond strength with metals
of Croup IT (Au, Pd).

The electronegstivitices of the metals33 (P4 2.0, Rh 2,1, Ir 2.1,
Pt 2.1, Au 2.3) vary by 0.3 units. Taking the electronegativity of
the organic species as 2.5 (value for C3h) the electronegativity term
cherzes by less tnan 5 kcal/mole among the metals exsmined. Thus, the
bord strength between metals of Group I and metals of Group II differs
by about 20 + 5 kcal/mole. Consequently the bond metal-organic inter-
mediate can be broken more e=2sily with the Au, Pd metals: an incom-
plete oxidation would therelfors be feasgible, because intermediate oxi-

dation products have a higher rate of desorption.

(2) Gold and Palladium

Considering the effect of ethylene partial pressure on the
reaction rate (Figures 20,21, ref. 1) and the current potential depen-
dence in the Tafel line region (Figures 15,16 ref. 1) the reaction scheme

can be given by

K k2 rds

Asolk#AadsT—'—TXl'!'e, X +B————?onoon.c (5)
1 -

where A A B represent stable chemical species in the solution

sol? “ads’
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(excluding ions from water) and on the electrode, Xl repregents an inter-

mediate, The current can be written as¥*

K
i =k, LE K, ¢ VF/RT (6)
3T+ Kpg
' i ky ko
where n - number of transferred electrons, Kl ==, === , Pg-
Ky ko

pressure of ethylene; V - electrode potential.

‘ This scheme gives rise to a b value of RT/F, its zero pH effect
and (qualitatively, depending on the isotherm applied) the pressure
dependence experimentally observed (Figures 18,19 ref. 1;'Table V). To
suggest a specific scheme is made difficult by the fact that the reaction
goes to three products, the dominant of which is propionaldehyde. It
seems possible that this is formed as & product from solution reactions
with acetaldehyde, which might be regarded as the first prqduct of the
electrode reaction. It is difficult to €ind a reaction sequence which is
consistent with the facts of Table V. The following type of mechanism
obeys this criterion, though involves the assumption of a CQHE inter-

e. Evideuce that reactions with this radical could be slow arises

from its stabilization by solvation.

1
—\
CAE
: k-l 2 ads

CoHy

sol

ke +

T

CoHly <% Collyqs ¥ ©
-2

¥This expression implicitly assumes & Langmuir isotherm with one-point
attachment, whereas CoHl is probably adsorbed with four-point attach-
ment. However, no gualitative differences result in the interpretation
of the pressure effect.
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+ jid +
3
O e T B2® T P %aae T E

k), +
CoHyOHgpgs ~fast” CoHO +H +e

Then, the relatively greater chemical rate constant on Pd rather
than Au may be roughly interpreted so: In the rate-determining reaction,
the heats of activation will be determined primerily by the heats of
adsorption of CQHE and CH3CHO; as also by the thermionic work function
of the metal. Other factors which determine the heat of activation at
the potential of zero charge are, for example, the heat of hydration of
the proton and other factors which are independent of catalyst. Very
roughly, one can now suppose that the heat of adsorption of CEHZ and the
CH3CHO do not greatly differ; for they will be made up mostly of the
energies of two M-C bonds. Thus, the major difference resides in the
work function: the faster reaction will occur in the metal which has the

higher work function, and the expected ratio of chemical rate constants

will be:

i
_kd = e(¢Pd - ﬁAuUSF/RT (7)

iAu
The work function data for Pd and Au are poor-.31 The most probable are:

Pa 4.9; Au k.7, If these values are accepted, the difference in rates

agrees fairly with that observed (expt.: igg = 70; theoret: ipg = 103).
iau *Au
Similar remarks would apply to any mechanism of the oxidation of
ethylene in which a stable chemical species is in equilibrium with an

unstable one through a charge transfer reaction; and thereafter the

unstable species goes to a stable one by a chemical (no net charge
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transfer) reaction.

(3) Platinum, Iridium, Rhodium

For platinum a mubstantial study of the mechanism of ethylene

~ 35 7 e SRR <
oxidatior been made by Weber and Green”- (alkaline soiution) ana

Wroblowe, Piersma and Bockris3® (alkaline and acid solutions). Since
Tafel slope, pH dependence and reaction products on Ir and Rh are
identical to those on Pt (Table V), these considerations apply to these
metals as well.

Rate-determining water discharge is deduced for the whole pH
range.36 All following reactions are in equilibrium and do not affect
the overall reaction rate. Hence, the relative catalytic power depends

upon factors which determine the rate of

+
BE,0 — OH , +H +e (8)

Of these, the work function and the heat of adsorption of reactant and
product depend on the catalyst.

It is difficult to make an estimate concerning the difference
in the heat of adsorption of H20 and OH on these metals. OH is chemi-

37 If water is chemisorbed,38’39 then the bonding is likely to be

sorbed.
between the metal and the two orbitals of oxygen, i.e., there is likely
to be considerable compensation of any difference as both M-OH (in the
final state) and M.—OH2 (in the initial state) would change in the same

direction., Hence, the relative catalytic power is largely in terms

of work function, i.e.:

Kchem, Pt - e(¢Pt - Prn)B F/RT (9)
kchem,Rh
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An snslogous relation will hold for Ir. The work function data are
fairly spread out. Taking the most probsble velue for Pt (5.3 eV)
and Rh (4,9 - 5.1 eV) and Ir (4.9 - 5.0 eV) one obtains from Equation (9)

kchem,Pt == 103kchem,3h=£=7103 kchem,Ir- The experimental values

give a factor of kchem,Pt = 2.103 kchem,Rh = 10h kchem,Ir'

(4) Coneclusions

In summary, the model arising from here is that on noble metals
electrocatalysts there is a potential range in which Cgﬂh is adsorbed
and its rate in the subsequent reaction depends primarily upon the
relation of the potential for the adsorption range to the thermodynamic
reversible potential for a given reaction. If two possibilities are
near, €8, Caﬂﬂ —_— 002 and C2Hn.__§. CHchD, then, which occurs
depends on the relative binding of the intermediate radicals: the
smaller this is, the less likely the reaction to go to completion, The
final product, and path of reaction having been established by the
factors mentioned, the relative catalytic properties of the "chemical”
(or zero field stendardized) rate constant is affected by one or two
relatively simple properties such as work function or heat of adsorption
of reaction and product. For the electrocatalysts studied here, these

approaches are congistent with the facts.
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INTRODUCTION

The exact localization of the sites of reaction in a porous

electrode structure is en extremely complex problem., The structure of

only poorly understood.

It is obvious, however, that in a highly porous electrode, usually
chosen for its high surface area, most of the pores will be less than ~
leiuacross. A more systematic study of extremely thin pores must there-

fore be made to evaluate the utilization of surface area, and minimize

pover losses in tortuous passages.

EXPERIMENTAL

The cell described in the last report has been constructed and
is shown in Figure 8. The cell is mounted on a Vee~flat optical bench
for rigidity of the micromanipulator support shown at the right. The
adJustments "y" and "2z" axes are hand;scraped light~-duty mechine mounts
A -cads. These moun
to a repeatability of better than ,0002", The x-axls translation is
accomplished by a micromanipulator with coerse and fine controls. The
fine control has & resolution of 2.5 microns per div. and should pro-
vide resolution to 1,00, Connecting the top of the micromanipulator
to the cell is the pusﬁ;rod, coupled by a Teflon universal joint. The
bearings are of polished stainless rod, press-fit in a Teflon block to

provide smooth action and avoid backlash problems. The push-rod is

connected rigidly to the piston in the cell and causes both translation
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and minute anguler (verticel and horizontal) aligmment. Because of the
mechanical advantage involved, the elignment should be adjustable to
within 0,00001 inches, or about 1/2 of a light fringe over the electrode
surfaoce,

The cell is shown at the left side of the illustration and in
Figure 9, It consists of a block of Teflon FEP mounted rigidly in an
él\mimm frame. The front working surface has been machined to + .0Ol"
over the entire surface. An optically flat (< 1/4 fringe) fused silica
plate 1s mounted with a pressure plate (far left) ageinst the working
surface, This window allows inspection of the meniscus of the elec-
trolyte, and the inside of the cell. The working electrode is made from
a specially ground block of fused quartz visible in Figure 9., One surface
of this block bas been ground to within 1/4 fringe, has a sharp edge
with roundness less than 5 microns, and no detectable chips in the cen-
tral vorking area. The flat surface of the block is platinized and serves
as the wall of the "pore".

The cell was constructed of FEP Teflon for the following reasons.

(1) Since FEP is a melt:processable resin, in contrast to the
TFE, which must be sintered, the diffusion of gaseous impurities is
markedly decreased,

(2) FEP does not undergo & phase transition near room tempera-
ture as does the TFE, and, consequently, much greater mechining precision
is possible, For example, the bore and piston for the moveable electrode
has been machined to & tolerance of + .00l inches in a 2" diameter.

Figure 10 is a magnified sketch of the cell in cross section and

shows the model that will be used for calculations. The quartz window
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serves as a plane of symmetry between the real platinum electrode and

its image., (The meniscus has been drawn flat, but in reality its shape
will be affected by several controllable factors.) Affixed to the bottom
of the cell is a micro:piston burette, whose volume cen be varied to
within 1070 m.

This model pore can thus be used to study a wide variety of
experimental conditions since the pore width, and the depth of electro-
lyte penetration can be varied simultaneously. The surface can be gtudied
in the "wetted" or "waterproofed" ccndition as electroljte can be squeezed
into or withdrawn at will from the pores. Since the clcctrode hes an
equivalent one:dimensional configuration, orders of magnitude moere cur-
rent can be drawn from it than from a cylindrical pore of eguivalent
diameter, with the further advantage that the meniscus height and shape

can be viewed directly.

THEORETICAL CAICUIATIONS

In contrast to the model of Will, 1in an extremely thin pore
(& 3/JJ) the meniscus shape is considerably mcZified. If the elec-
trode material is wetted, the pore will fill completely by a wick action.
If it is not wetted, the meniscus will be relatively flat with a sharp
demarcation at the boundary.

In either case, it can be represented diagramatically as in
Pigure lla. Here, the concentration gralient of the gas is in the same
direction as the ion current, whereas in Will's mcdel these fluxes are

perpendicular, (Figure 11b).
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With similer assumptions for boundary conditions, the two systems yleld
very different equations.

It is convenient to assume a flat pore of unit length, a sepa-
ration "t", and a depth of penetration "{ " (cf. Fig. 1la). Further,
assuming that activation control is absent, and that concentration
polerization and IR drop are the only controlling factors, then,

€, =C° o “ZfE | (1)
where C, is the concentration of H, at a polnt O € x4 1 measured from

o}

the point where the capillary joins the bulk solution. C” i3 the

eguilibrium concentration of H2 assumed to exist at the gas electrolyte

interfece x = i) , and § = F/RT. Differentiasting, Eq. (1) ylelds

ac

—X _ 400 -2{E &8
&= = zp C¥ e ax (2)

(If t 1s srell compared to /e, dc/ay = 0).

Since H, can only enter at the interface, and the pore is con-
sldered uniform, the total equivelent current, IT , per unit length
through a slice at x = x 18 made up of tvo parts: (1) the uzreactcd
dissolved gas, and the HY ione that nave already regrnied., Lherelore |
Ip - Iionic = laifr. (3) (
or by Fick's 1lsaw,

ac
I, - I, = 2Dt 5'{1 (&) ‘

Only the ionic component, Ix’ will produce an IR drop in the electrolyte, i.e.

-

e
s

- 1./
ae X

where [0 i3 the soluticon resistivity.
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Cambining (4) and (5) gives

ac
& _ Il x 6
H- T E (©)
and substituting (2) in (6) gives
& .. - pafc® am e7HE E (1)
Now, separating varisbles leads to
o _-zfE _........IT 8
aE (L+ P zFD zfc® e ) = - T M (8)
Iotegrstion of Eq. (8) gives
I
£ il +C (9)

E-/OZ_WDc°e‘Z¢E=- -

0, E = Ea. (Ea. = the applied potential referred to Stue bulk

When z =
solutien),
Ea "/OZF'D Co e-z¢E3=C (lo)
Substituting Eq. (10) in Eq. (9) gives
113 -z R {7 Ix
B, -8+ pum c® (7 ey L @)
E = O.

When x = } , C /2 = C° and the anodic concentratico overronliss:

Therefore
(12)

Se+ oD © (1 - &) = pTy R/t
Solving Bq. (12) for I,, substituiing 1n 3q. (11), and resxr-

ranging terms, gives
. o]
(B, -B) + P2zfD C (e

s

.30 ) e"zﬁa‘a.‘)
— (13)

Y7
E, ¢ 2D c® (1 - e7RE)
B aI

j%:

Since the local current Gensity i, is, by definition, 1 = -
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i=-%(zﬁm§§-’3) (1)

.4 o 2fE a5 |
i—dx[zFthféC e £ (15)
Substituting from Bq. (7) in Eq. (15) with differentiation gives

1 = ZFDt zfc® Z¢[Ea + o 2FD ¢°(1 - e-zma):\(l + /OzFDCO 2p e 2By &£

2 (16)

or 1= - IT P Z3¢2/OFDCO e-Z¢E (17)
- t ‘ ~20E\3
(1 + P zFD 24 e )

For H, in 5 N H;SO), the cubic denominator term in Eg- (17)
approaches 1 and P
2 IT /0 342 -z¢E
1% - =g 22fPFCC e (18)

Bge (2€) thus describes a physical situation where mogs of the current
occirs gt the extreme tip of the pore adjacent to the gas rhase, =nd
powzr 1le lost by the IR drop through the remainier of the capillary,
i.e. the length continuing on from the current region to the solution
side. If tae L /t ratio is large, the resistarce is Mish, end thus
long capillieries add little to the oversall perfomrmecncs, Thris offsct
may be seen more readily fram Zq. {12). L Pull numericail aialysis of
Eq. (17) is in preparstion perticularly for the conditions to be used

in conjunction with the experimental sypciatus.
xp R
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INTRODUCTION

In the progress report for the period 1 October 1962 - 31 March
1963, evidence was presented in favor of non;covalent bonding between a
metal electrode and an ion superequivalently adsorbed on it.* ‘fhen &
model, which was in the process of being developed, was described, from
which the enthalpy and entropy of superequivalent adsorption (s.e.a.)
were to be calculated. This non:covalent model has now been completed,

and a paper has been submitted which contains the details of the model.
MODEL

In order to calculate the enthalpy of s.e.a. the following steps
are carried out:

a., Firstly, n water molecules are desorbed from the electrode
surface into the electrolyte, where n =‘ﬂ'r§ ngs; r, is the redius of
the ion, Gw is the fraction of surface sites covered by water molecules
and NS is the number of surface sites cm—e. The heat of desorption is
obtained from (i) the metal;water interaction, which is obtained from
gaseous phase adsorption data; (ii) the lateral interaction of adsorbed
water molecules, which was calculated from a previous model of water on

electrodes;3 (1ii) the interaction of adsorbed water molecules with the

bulk solution, which is 2 H-bonds per molecule; and (iv) the heat of

. .
A superequivalently adsorbed ion may be difined as one which has lost
all of its hydration in the direction of the metal; i.e., no solvent
molecules exist between the ion and the adsorbent surface.
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condensation of water. The electrode coverage with water, ©

g2 Was

calculated from the isotherm

AG

a

* e,

o .
ds AGads+RTlnl_ew,
applying the equilibrium condition, and evaluating.[SG:dB from in the
aforementioned mamner, used to calculate £§H§ds (Leee, 1, 11, iii, and

1v). O vas calculated.to be 0.9 with N, being 1.3 x 10™ cm™ 2,

b. Part of the hydration sheath must be removed from the ion in
order for it to become adsorbed. The energy loss is that of iom-dipole
and ion-quadrupole forces for the primary solvent molecules and Born
energy (ion-dipole and ion;induced dipole interactions taken into account

by the Born equation) for more distant solvent molecules.

Ce The ion is placed on the electrode in the space left by the
desorbed water molecules. Here it interacts with the metal with image,

dispersion and repulsion forces.

de The hole left by the ion fills with water molecules with an
energy gain due to the water molecules H-bonding. Together (since the
desorbed water was condensed onto the solutlon's surface, this term

appears separately).

ee. Adsorbed water molecules which are adjacent to the adsorbed ion
reorient, as a result of ion interaction, and lose some adsorption
energy (while gaining ion-dipole energy).
The cycle for entropy changes was given in the last report. From

these motional changes for (i) the ion going to the surface; (ii) waters
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leaving the surface; and (iii) waters exchenging the ion, as a neighbor,

for another water molecule, /AS was caltulated,
RESULTS

The calculated results for the seven lons considered are shown
in Table VI, The standard state for the entropy of adsorption is taken
ag an ideal 1 m solution, and an ideal monolayer of adsorbed ions at
half coverage. Also shown are the experimental values of AHS o.a, and
Z&S:.e.a. ag obtained by Anderson and Parsons.ho The agreement 1s seen

to be satisfactory considering the approximate values of some of the

parameters used in these calculations,

DISCUSSION OF RESULTS

From the AE® and A 8% values of Table VI, the standard free

energy of s.e.a. (AG°

S.e.8 ) was calculated for the ions considered, and

the results are shown in Table VII. Also shown are the values of s.e.8.
for the various ions at the zero charge potentials in 0.1 N solutions
of the ions. The calculated results predict the same order of s.e.a.
as is found experimentally. Algo, since AAG® is positive for the three
smallest iong, the results would predict essentially no s.e.a, for them,
This is in agreement with experimental facts, i.e., that ions with pri-
mary hydrstion sheaths are not specifically adsorbed. Lending support
to the calculations is that the magnitude of differences betweeqlszg.e.a.
for C17, Br and I is nearly that predicted from experimental qg o,q.
values (Table VII)s» The bottom row in Table VII shows the calculated

differences expected in.[SGo, when the experimental Qg o g, Values are
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substituted in a Langmuir adsorption isotherm.

TABLE VII
AGS, e, a, AS CALCULATED FROM MODEL

Nat k¥ et F o1 B 1"

Se@e8e in coul cm 2 0.0 0.0 0.& 0.0 1.7 5.2 1l

JaXex in kesl . +13.7 #2.7 -T.3 +8.9 =-9.0 -11.k -13,1
SeCel -1
mole
ZB(ZSGg.e.a.) from calculations 2.4 1.7
ZSC&&GZ oua ) as calc'd from exp'l results 0.6 1.k

The expected errors of the free energy calculations were analyzed.
The results showed that the average uncertainty in magnitude of A g°
was + 12 keal mole’l. These calculations also showed that the
relative uncertainties inMZSGgAn‘ could not be such as to change the

order of g,e.a. amongst the various ions.
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